Background-There is scant evidence on the effect that chronic kidney disease (CKD) confers on clinically meaningful outcomes among patients with heart failure with preserved left ventricular ejection fraction (HF-PEF). Methods and Results-We identified a community-based cohort of patients with HF. Electronic medical record data were used to divide into HF-PEF and reduced left ventricular EF on the basis of quantitative and qualitative estimates. Level of CKD was assessed by estimated glomerular filtration rate (eGFR) and by dipstick proteinuria. We followed patients for a median of 22.1 months for outcomes of death and hospitalization (HF-specific and all-cause). Multivariable Cox regression estimated the adjusted relative-risk of outcomes by level of CKD, separately for HF-PEF and HF with reduced left ventricular EF. We identified 14 579 patients with HF-PEF and 9762 with HF with reduced left ventricular EF. When compared with patients with eGFR between 60 and 89 mL/min per 1.73 m 2 , lower eGFR was associated with an independent graded increased risk of death and hospitalization. For example, among patients with HF-PEF, the risk of death was nearly double for eGFR 15 to 29 mL/min per 1.73 m 2 and 7× higher for eGFR<15 mL/min per 1.73 m 2 , with similar findings in those with HF with reduced left ventricular EF. Conclusions-CKD is common and an important independent predictor of death and hospitalization in adults with HF across the spectrum of left ventricular systolic function. Our study highlights the need to develop new and effective inter ventions for the growing number of patients with HF complicated by CKD. (Circ Cardiovasc Qual Outcomes. 2013;6:333-342.)
H eart failure (HF) currently affects ≈5.7 million adults in the United States and is associated with an estimated $29 billion in hospital charges annually. 1 Driven by a variety of factors, the prevalence of HF is a current and increasing public health problem nationally and internationally. Many patients with HF also have chronic kidney disease (CKD), most frequently manifest as a reduced glomerular filtration rate (GFR), and the risk of developing HF is substantially increased with worsening stage of CKD. 2 Many of the same factors contribute to the development of both chronic diseases, including age, diabetes mellitus, and hypertension. 2, 3 Although patients with HF suffer poor outcomes, including a death rate of ≈50% within 5 years of diagnosis, 1 the co-occurrence of CKD and HF seems to confer an even higher rate of poor outcomes, especially in those with HF and reduced left ventricular ejection fraction (HF-REF). 4 The physiological relations between CKD and HF are multifactorial and causally intertwined. For example, kidney dysfunction contributes to HF by increased salt retention and volume expansion, upregulation of neurohormonal pathways, proinflammatory mechanisms, and likely other mechanisms. HF worsens CKD by decreasing renal perfusion and activation of the catecholaminergic and renin-angiotensin-aldosterone system. [5] [6] [7] In addition, both CKD and HF can cause or worsen other comorbid conditions, including anemia, 8 coronary and peripheral atheroschlerosis, 9 and malnutrition. 10 Because the population prevalence of HF has increased, so has the proportion of patients with HF preserved left ventricular EF (HF-PEF). 11 Few studies have, however, examined how CKD affects clinically meaningful outcomes among patients with HF-PEF. Existing data have largely come from studies that are modest in size 12, 13 and with limited patient populations in terms of range of age, racial/ethnic diversity, comorbidity, or treatment. [14] [15] [16] To address this knowledge gap, we assembled a large, contemporary, multicenter, community-based cohort of adults with HF to examine the association between CKD and adverse outcomes in those with HF-PEF versus HF-REF. We focused on evaluating the independent association between measures of renal function (using both estimated GFR [eGFR] and documented proteinuria) and relevant clinical outcomes (all-cause mortality, hospitalization for HF, and any hospitalization) and whether these associations varied by type of HF (HF-PEF versus HF-REF).
Methods

Source Population
We used data from a geographically and demographically diverse set of 4 health plans that are members of the National Heart, Lung and Blood Institute-sponsored Cardiovascular Research Network, including Kaiser Permanente Northern California, Kaiser Permanente Colorado, Kaiser Permanente Northwest (Oregon and Washington), and Fallon Community Health Plan (Massachusetts). 21 These 4 healthcare delivery systems each have long-standing research divisions that have created site-specific, coordinated Virtual Data Warehouses (VDWs) to facilitate interinstitutional research studies. 16 These and related systems have been shown to reflect the population makeup of the communities they serve. 17, 18 The VDW served as the primary data source for patient identification and covariate characterization in our study. The VDW at each site consists of standardized data tables, including linked demographic, administrative, ambulatory pharmacy, outpatient lab tests and results, and healthcare use (including both in-plan and out-of-plan ambulatory visits and hospitalizations with diagnoses and procedures). This study was reviewed and approved by institutional review boards at each site. Waiver of informed consent was obtained because of the nature of the study.
Cohort Assembly
We identified patients aged ≥21 years who had diagnosed HF between January 1, 2005, and December 31, 2008. We included patients who were hospitalized with a primary discharge diagnosis of HF or having ≥3 ambulatory, non-emergency department visits coded for HF. To increase specificity for the outpatient HF criteria, we required the visits had to take place within the study period and that ≤1 of the visits be with a cardiologist. We used International Classification of Diseases, Ninth Edition (ICD-9) codes to define HF, including 398.91, 428.x, 402.01, 402. 11, 402.91, 404.01, 404.03, 404.11, 404.13, 404 .91, and 404.93. A high positive predictive value (>95%) has been noted for these inpatient ICD-9 codes when compared against chart review and Framingham clinical criteria. [17] [18] [19] Patients' left ventricular EF status was determined by reviewing assessments of echocardiograms, radionuclide scintigraphy, other nuclear imaging modalities, and left ventriculography test results from both electronic databases and from reviews of patient medical records. PEF was defined as either a reported left ventricular EF ≥50% or based on a qualitative assessment of normal systolic function. 20 We defined reduced EF as a reported left ventricular EF ≤40% or based on qualitative assessment of moderate, moderate to severe, or severe systolic dysfunction.
To ensure adequate baseline to characterize patient's clinical status, we excluded patients with <12 months of continuous health plan membership and pharmacy drug benefit before index date. We also excluded patients without a documented left ventricular EF assessment, patients with a reported EF between 41% and 49%, and those patients with a baseline eGFR >130 mL/min per 1.72 m 2 . We excluded patients (n=13) with a baseline eGFR >130 mL/min per 1.72 m 2 over concern that it was reflective of acute physiological changes (eg, malnutrition, volume increases) and not actual GFR. But because we used time-varying covariates in our model, those higher eGFR values (and their prognostic information) may occur during follow-up. Our cohort is thus a community-based HF population with nonacute renal function measurements at baseline, similar to what most clinicians see in practice.
Predictors
The primary predictor was the presence and severity of CKD, as assessed by eGFR and documented proteinuria. Estimated GFR was determined using the CKD-Epidemiology Collaboration formula 19 and ambulatory, non-emergency department serum creatinine measurements from participating site lab databases. We categorized eGFR on the basis of stages of CKD: 20 90 to 130, 60 to 89, 45 to 59, 30 to 44, 15 to 29, <15 mL/min per 1.72 m 2 not on dialysis, and dialysis or renal transplant (referred to collectively as dialysis). Using previously described methods, 21 we also used data from ambulatory lab databases at each site to ascertain for the presence of urine dipstick proteinuria, which was categorized as negative or trace, 1+, 2+, and 3 to 4+.
Outcomes
We followed patients through December 31, 2008, for death from any cause, hospitalization for HF, and hospitalization for any cause. Patients were censored if they disenrolled from their health plan or reached the end of study follow-up. To investigate whether findings varied by potential length of follow-up, we performed a sensitivity analysis, restricting to 1 year of follow-up. Dates of death were identified using a combination of state death certificate records, Social Security Administration files, hospitalization databases, and administrative files. Hospitalizations for HF were identified using VDW hospital files and the same ICD-9 codes used for cohort assembly. All-cause hospitalizations were also identified from the VDW hospital files.
Covariates
We used VDW files to obtain data on comorbidities and procedures from inpatient and ambulatory healthcare encounters using ICD-9
WHAT IS KNOWN
• Chronic kidney disease confers a greater risk of poor outcomes in patients with reduced systolic function heart failure. • Little is known about how and whether chronic kidney disease modifies outcomes in those with preserved systolic function heart failure.
WHAT THIS STUDY ADDS
• Using data from a large, contemporary, multicenter, community-based cohort, the impact of chronic kidney disease is compared between reduced and preserved systolic function heart failure. • There was a consistent relationship between lower levels of estimated glomerular filtration rate and higher rates of adverse outcomes in those with either reduced or preserved systolic function heart failure. • Documented urine dipstick proteinuria was a consistent independent predictor of clinical outcomes in reduced and preserved systolic function heart failure, regardless of level of proteinuria.
codes, lab test results, as well as ambulatory pharmacy databases and site-specific diabetes mellitus and cancer registries. Prevalent HF was defined by any hospitalization or ambulatory HF diagnosis during the 5 years before the index date. During the 5 years before cohort entry and throughout the follow-up period, we also assessed patient records for diagnoses of acute myocardial infarction, unstable angina, coronary artery revascularization, stroke or transient ischemic attack, cerebrovascular disease, other thromboembolism, atrial fibrillation or flutter, ventricular fibrillation or tachycardia, mitral or aortic valvular heart disease, peripheral arterial disease, rheumatic heart disease, receipt of a pacemaker, receipt of cardiac resynchronization therapy, receipt of an implantable cardioverter defibrillator, dyslipidemia, hypertension, diabetes mellitus, hospitalized bleed, diagnosed dementia, diagnosed depression, chronic lung disease, chronic liver disease, mechanical fall, and systemic cancer using relevant ICD-9 codes and current procedural terminology codes that have been previously described. 21 At baseline and during the follow-up period, ambulatory systolic and diastolic blood pressure measurements were identified from VDW vital sign files, whereas information on serum low-density lipoprotien and high-density lipoprotein cholesterol measurements and blood hemoglobin levels were ascertained from site ambulatory lab databases.
Statistical Analyses
All analyses were conducted using Statistical Analysis System software, version 9.1 (Cary, NC).
We used analysis of variance or nonparametric tests for continuous variables and χ 2 tests for categorical variables to compare characteristics across renal function groups. We calculated rates (per 100 population-years) and plotted Kaplan-Meier survival curves separately for each outcome across groups of renal function, with comparison of survival curves using a log-rank test. We fitted multivariable extended Cox regression models allowing for time-varying characteristics on all variables for each outcome to examine the independent association between measures of renal function and outcomes. To be consistent with the baseline exclusions, we censored patients when their eGFR reached a level >130 and undertook sensitivity analyses without that censoring. Separate models were built for patients with HF-PEF and for those with HF-REF. Models were adjusted for age, sex, calendar year of index date, and any other variables that differed across groups with a P≤0.2; in addition, we applied a robust sandwich estimator to account for clustering of multiple observations within the same subject and explored whether additional adjustment for clustering at the site level was necessary. We also explored but did not find significant effect modification within HF-PEF and HF-REF groups for several important covariates, including age (<75, ≥75), systolic blood pressure (>140, ≥140), and anemia (hemoglobin <12, ≥12), so only main results are described in the present findings. When modeling proteinuria, we combined patients with undocumented proteinuria and those with negative or trace findings because previous work has established that patients with a missing dipstick have few CKD risk factors and thus a very low probability of having proteinuria. 21 For other variables, we used a missing category when values were not available; this occurred infrequently (hemoglobin and blood pressure <4%; high-density lipoprotein and low-density lipoprotein <9%). Data were checked for consistency across sites (eg, range and frequency) and clinical plausibility, with suspect data points being inspected and corrected if necessary. We found no qualitative evidence of violation of proportional hazards by comparing coefficients from analyses using earlier censoring times. 22 
Results
Baseline Characteristics
Between 2005 and 2008, we identified 43 833 patients with HF as a diagnosis; of these 24 331 patients were included, 14 579 patients with HF-PEF and 9752 with HF-REF. The most common reasons for exclusion were unknown left ventricular function (16%), borderline systolic function (11%), and <12 months health plan membership (11%; Figure 1 ). Very few patients were lost to follow-up (<10% HF-PEF and <12% HF-REF). Patients at lower levels of eGFR at entry tended to be older and have a higher comorbidity burden (Table 1) . However, patients with an eGFR <15 mL/min per 1.73 m 2 were closer in age to patients with an eGFR of 60 to 89 mL/ min per 1.73 m 2 . In the overall cohort, median follow-up was 22.1 (interquartile range [IQR], 9.0-37.1) months, 21.5 (IQR, 8.7-36.1) months in patients with HF-PEF, and 22.9 (IQR, 9.5-38.7) months in patients with HF-REF. Most patients' EF was assessed using echocardiogram (68%), followed by nuclear imaging (26%), and other or unknown (6%; data not shown). We found that individuals identified in the inpatient setting had a longer time between baseline eGFR and their index date (median, 72 days; IQR, 19, 205) than did individuals identified in the outpatient setting (median, 29 days; IQR, 2, 130; data not shown).
Renal Function and Mortality in HF-PEF and HF-REF
During follow-up, a total of 6768 patients (27.2%) died from any cause, with higher crude rates in population with lower levels of eGFR ( Figure 2 ). Compared with eGFR values of 60 to 89 mL/min per 1.73 m 2 , we found that there was a graded increased risk of death with lower eGFR level that was similar in patients with HF-PEF and HF-REF, after adjustment for potential confounders and the presence and severity of proteinuria (Table 2) . Dialysis was associated with a multivariable adjusted 90% to 151% increased relative rate of death. Compared with no documented proteinuria, patients with any level of proteinuria were 23% to 61% more likely to die ( Table 2 ).
Renal Function and Hospitalization in HF-PEF and HF-REF
During follow-up, 6691 patients (26.9%) were hospitalized for HF and 16 711 (67.2%) were hospitalized for any cause, with higher crude rates noted with lower levels of eGFR (Figures 3 and 4 ). Compared with eGFR findings between 60 and 89 mL/min per 1.73 m 2 , we found that there was a graded increased rate of being hospitalized for HF with lower eGFR level that was similar in patients with HF-PEF and HF-REF after adjustment for potential confounders and the presence and severity of proteinuria (Table 3 ). Dialysis was associated with an adjusted 35% increased relative rate of being hospitalized for HF in those with HF-PEF but was not a significant predictor in those with HF-REF after adjustment for confounders. Compared with no documented proteinuria, patients with any level of proteinuria were 35% to 64% more likely to have a hospitalization for HF (Table 3 ). In addition, similar relationships were observed for eGFR level and proteinuria for the outcome of all-cause hospitalization in those with either HF-PEF or HF-REF (Table 4 ). We found similar results with analyses restricted to 1 year of follow-up, and when patients were not censored when their eGFR increased >130 mL/min per 1.73m 2 (data not shown). 
Discussion
Among a large, diverse multicenter cohort of adults with HF, we found a consistent relationship between lower levels of eGFR and higher rates of adverse outcomes in those with either HF-PEF or HF-REF. When compared with patients with an index eGFR between 60 and 89 mL/min per 1.73 m 2 , lower eGFR was associated with an independent, graded increased risk of death from any cause and hospitalization for HF or other causes. For example, among patients with HF-PEF, the 4-year risk of death was 60% higher for CKD stage 4 (eGFR, 15-29 mL/min per 1.73 m 2 ) and 3× higher for CKD stage 5 (eGFR <15 mL/min per 1.73 m 2 ), with similar findings in those with HF-REF (Table 2 ). Documented urine dipstick proteinuria was also found to be a consistent independent predictor of clinical outcomes in HF-PEF and HF-REF, regardless of level of proteinuria.
Ahmed et al 16 found that patients with CKD (defined as an eGFR <60 mL/min per 1.73 m 2 ) were 22% more likely to die than their propensity score-matched, non-CKD counterparts (hazard ratio, 1.22; 95% confidence interval, 1.09, 1.36) during a median of 38 months of follow-up in Digitalis Investigation Group trial HF participants during 1991-1993 (2389 matched pairs). The increased risk of death with lower eGFR was observed across left ventricular EF categories but was higher for patients with a left ventricular EF >45% (hazard ratio, 1.71; 95% confidence interval, 1.21, 2.41) than for patients with left ventricular EF ≤45% (hazard ratio, 1.19; 95% confidence interval, 1.07, 1.32; interaction P=0.03). Our study confirms and extends these findings in a much larger, contemporary, and generalizable cohort to demonstrate a similarly worse prognosis across the wide range of reduced eGFR levels in those with either HF-PEF or HF-REF. Importantly, we found no evidence of clinically meaningful effect modification of eGFR level with targeted characteristics (ie, age, presence of proteinuria, systolic blood pressure level, and hemoglobin level) on the risk of adverse outcomes in HF-PEF or HF-REF.
Reduced kidney function could contribute to poor outcomes in patients with HF in several ways. The physiological relationship between HF and CKD is, however, quite complex, and a variety of cardiorenal regulatory systems unravel as each organ system's function declines. The impact of CKD on patients with HF likely operates through pathways common to both diseases, including increased inflammatory cytokines, 23 malnutrition, 24 and neurohormonal changes. 23 For example, CKD contributes to HF by volume expansion through increased renin production and decreased erythropoietin production; HF worsens CKD by decreasing renal perfusion. HF is a cause of renal impairment, 15, 25, 26 and HF causes CKD progression. 26 In addition, the presence of HF is more common among patients with CKD than the general population, and decreased renal function is linearly associated with increased prevalence of congestive HF. 27, 28 For patients with HF-PEF, we observed a U-shaped relationship between level of renal function and death, 29 and to a lesser extent between level of renal function and all-cause hospitalization (Tables 2 and 4 ), even though we excluded individuals with baseline eGFR >130 mL/min per 1.73 m 2 and censored patients when their eGFR increased beyond that level. Our findings confirm that the effect of eGFR on outcomes is not linear, highlighting the need for investigators to allow for this nonlinearity when modeling eGFR. Development of eGFR >130 mL/min per 1.73m 2 during follow-up was independently associated with worse outcomes, and the low serum creatinine concentrations that drive these high GFR estimates likely represent either malnutrition or fluid overload and more impaired ventricular function, which would contribute to the poorer prognosis.
Our study had several strengths. We assembled a large, contemporary, community-based HF cohort that reflects realworld outcomes. We were also able to longitudinally characterize level of eGFR across a wide range of kidney function and examine its association with multiple clinically and public health-relevant outcomes after accounting for a large set of potential confounders and the presence and severity of documented proteinuria. We used the CKD-Epidemiology Collaboration formula 19 to estimate eGFR, an estimating equation recently shown to more accurately categorize endstage renal disease risk and mortality risk, compared with the Modification of Diet in Renal Disease formula. 30 Using the older estimating equation would likely have attenuated our relative-risk estimates. Our study also had several limitations. We relied on information collected as part of routine healthcare encounters rather than through a structured data collection protocol, which could contribute to some misclassification of key study predictor and control variables. However, we used an approach on the basis of validated algorithms to ascertain relevant comorbid conditions and other exposures from each site's VDW. Our cohort's racial and ethnic makeup reflects the communities from which they are drawn, but we did not include an investigation of those factors; this may be an important issue for future work because the epidemiology of kidney disease is known to vary with race. In addition, because our study was conducted among integrated healthcare delivery systems, we were less susceptible to missing data given that nearly all clinical care is captured through each site's electronic health records and clinical data systems. Our analysis does not include the 11% of patients with borderline systolic function (ie, those with EF between 40% and 50%), so our results may not apply to those patients. We also acknowledge that, despite the large population and statistical control of a wide array of potential confounders, our analysis may suffer from residual confounding. Finally, because our sample included only insured patients, our findings may not be completely generalizable to the uninsured or other types of practice settings.
In summary, reduced renal function is a common and important independent predictor of death and hospitalization in adults with HF across the spectrum of left ventricular EF. Although the relationship between congestive HF and CKD is well defined, it is unclear what differences exist between patients with HF-REF and HF-PEF. Patients with HF are treated differently on the basis of their EF, and these treatments (eg, diuretics, renin-angiotensin system agents) are often dependent on renal function. Our study highlights the need to delineate the mechanisms through which lower levels of renal function contributes to worse outcomes in HF and to develop new and effective interventions for the growing number of patients with HF complicated by CKD. Thus, although beyond the scope of our analysis, investigations that examine the relationship between treatment-related outcomes and the presence of CKD are an important next step.
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